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PLASMA ACCEIXRATION IN A TRAVELLING ELECCROMAGNMIIC FIELD 

General Diagnostic and Velocity Measurements 

M. Charpenel ,  J. P. Rager, and B. S i t t  

Of f i ce  Nat iona l  d'E)tudes et de Recherches AQrospa t i a l e s  (ONERA), 92 Chat i l lon ,  France 

Abs t r ac t  

For t h e  purpose of s tudy ing  t h e  processes  of  i o n i z a t i o n  and accelera- 

t i o n  by t r a v e l l i n g  e l ec t romagne t i c  f i e l d s ,  and exp lo r ing  t h e  basic charac-  

terist ics ( tempera ture ,  d e n s i t y ,  v e l o c i t y )  of t h e  plasma involved,  an expe- 

r imenta l  device  of pu lsed  ope ra t ion  has been c r e a t e d ,  which ensu res  s imple 

d i a g n o s t i c  means f o r  t h e  measurement of e l e c t r i c  and magnetic f i e l d s ,  ind- 

uced c u r r e n t  d e n s i t y ,  temperature  and v e l o c i t y .  Another technique app l i ed  

s e r v e s  t o  determine t h e  two last-named parameters  i n d i r e c t l y .  The r e s u l t s ,  

when descr ibed  and ana ly  e d ,  p o i n t  t o  t h e  presence ,  near  t h e  e x i t  p lane  

of t h e  dev ice ,  of a temperature  wave propagat ing  a t  t h e  v e l o c i t y  of t h e  

r e l a t i v e  e l e c t r i c  f i e l d .  

1 - In t roduc t ion  

The i n t e r a c t i o n  of an e lec t romagnet ic  f i e l d  wi th  a conduct ive medium 

has  been t h e  seminal p r i n c i p l e  behind t h e  des ign  of many a device  intended 

t o  convert  e lec t r ica l  i n t o  k i n e t i c  energy. The advances made i n  aerospace 

r e sea rch  have promptly po in ted  t h e  way t o  two p rospec t ive  a p p l i c a t i o n s  based 

on t h e  use  of a gaseous conduct ive  medium namely i n :  

a )  a c c e l e r a t o r s  f o r  t h e  p ropu l s ion  of space probes or satellites; 

b )  a c c e l e r a t o r s  designed t o  produce jets of h igh  s t a g n a t i o n  e n t h a l p i e s  f o r  



hypersonic  wind tunne l s .  

I t  w a s  by such v i s t a s  t h a t  t h e  s tudy  of t ravel l ing-wave systems w a s  

1 o r i g i n a l l y  i n s p i r e d  . I t  w a s  no t  l ong  be fo re  t h e  r e sea rch  work c a r r i e d  out  

a t  ONERA i n  t h i s  f i e l d  had thrown l i g h t  on a s t i l l  more fundamental b e n e f i t  

t h a t  might accrue  from dev ices  of  t h i s  n a t u r e ,  i n  t h a t  t hey  provide t h e  

experimenter  wi th  a dense plasma (approx. 10 m ), which l i s  f u l l y  ion ized ,  

chemical ly  pure  as ensured by t h e  way i t  i s  produced (pure ly  induc t ive  

s e l f - i o n i z a t i o n ) ,  and axisymmetric,  thereby  l end ing  i t s e l f  w e l l  t o  i n v e s t i -  

g a t i o n s i n t o  t h e  phys ica l  p r o p e r t i e s  of s tandard '  k i n e t i c  plasmas. 

21 -3 

What are r e f e r r e d  t o  as ' t rave l l ing-wave '  dev ices  can i n  broad terms 

be def ined  as induc t ive  s y s t e m s ,  wi th  t h e  app l i ed  e lec t r ic  and magnetic 

f i e l d s  or thogonal ,  propagated wi th  a de te rmina te  l o c a l  phase v e l o c i t y ,  and 

showing a s p a t i a l  p e r i o d i c i t y  i n  t h e  d i r e c t i o n  of  propagat ion.  F l u i d  ion iz-  

a t i o n  and a c c e l e r a t i o n  are due t o  t h e  a c t i o n  of t h e s e  f i e l d s .  

To exp lo re  t h e  b a s i c  plasma c h a r a c t e r i s t i c s  ( tempera ture ,  der6 j . t y ,  

v e l o c i t y )  and t h e  processes  involved i n  a c c e l e r a t i o n  by t r a v e l l i n g  e l e c t r o -  

magnetic f i e l d s ,  ONERA has  evolved an experimental  device  of pu lsed  ope ra t ion ,  

which he lps  t o  hammer out  s t r a igh t fo rward  d i a g n o s t i c  methods f o r  t h e  measur- 

ement of v e l o c i t i e s ,  t h e  induced c u r r e n t  d e n s i t y  and t h e  e l e c t r i c  and magn- 

e t ic  f i e l d .  

Th i s  ar t ic le  d e s c r i b e s  t h e  test se t -up ,  o u t l i n e s  t h e  d i a g n o s t i c  tech-  

n iques  evolved,  and d i s c u s s e s  t h e i r  a p p l i c a t i o n  t o  t h e  de te rmina t ion  of 

v e l o c i t y ,  and of e l e c t r o n  d e n s i t y  and tempera ture ,  as der ived  from t h e o r e t i c a l  
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c o n s i d e r a t i o n s  bea r ing  on t h e  equa t ions  of motion and of e l e c t r o n  energy. 

2 - Desc r ip t ion  of test se t -up  

In t h e  l i g h t  of t h e  gene ra l  o b j e c t i v e s  t h e  foregoing  r e s e a r c h  programme 

has set i t s e l f ,  a pulse-based mode of ope ra t ion  has  on t h e  whole been t h e  

obvious cho ice  f o r  a number of reasons ,  such a s  t h a t  : 

a )  it pe rmi t s  t h e  u s e  of p a s s i v e  probes in t roduced  i n t o  t h e  flow as diagn- 

o s t i c  a i d s ;  

b)  i t  d i sposes  of some pure ly  t echno log ica l  compl ica t ions  a t t endan t  on t h e  

c o n s t r u c t i o n  of a c c e l e r a t o r s  and t h e i r  power sou rces ,  and i r r e l e v a n t  t o  t h e  

t a s k s  i n  hand, t hus  making f o r  a g r e a t l y  s i m p l i f i e d  test equipment design.  

2 . 1  - Desc r ip t ion  . -  of a c c e l e r a t o r s  

C e r t a i n  t h e o r e t i c a l  c o n s i d e r a t i o n s  and performance test f i n d i n g s  l e d  

t o  evolve  a c c e l e r a t o r s  w i th  s h o r t  d ive rgen t  1, 5 Th. Moulin and J. Paulon 

annular  nozz le s  (Fig.  1 1 ,  and wi th  f i e l d  v e l o c i t i e s  i n c r e a s i n g  from t h e  

t h r o a t  t o  t h e  e x i t  p lane .  The f a c t o r s  weighed 2 J  3 J  

i )  t h e  approx. 50 % l i m i t a t i o n  set on t h e  t h e o r e t i c a l  e f f i c i e n c y  i n  t h e  

event  of a cons t an t  s l i p  v e l o c i t y  of t h e  e l e c t r i c  f i e l d ;  

ii) t h e  non-homogeneous n a t u r e  of t h e  f l u i d  along t h e  c e n t r e -  l i n e  channel ,  

where it i s  s u b j e c t  t o  no f o r c e  so  long as t h e  assembly c a r r i e s  no c e n t r a l  

body equipped wi th  c o i l s ;  

i i i )  t h e  marked drop i n  a c c e l e r a t i o n  e f f i c i e n c y  where t h e  l e n g t h  of t h e  

a c c e l e r a t o r  is g r e a t  i n  comparison wi th  t h e  s p a t i a l  wavelength. 

i nc lude  : 

The e l ec t romagne t i c  c o n f i g u r a t i o n  i s  made up by a set of windings f ed  
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wi th  two-phase c u r r e n t  of medium frequency by a free-runnning o s c i l l a t o r :  

t h e  d i scha rge  of 

a c r o s s  15,000 V,  s u p p l i e s  t h e  e n e r g i z i n g  c u r r e n t s ,  w i th  t h e  o s c i l l a t o r  ind- 

uctance provided,  f o r  each phase,  by t h e  corresponding c o i l  of t h e  accele- 

r a t o r .  

two banks of c a p a c i t o r s  of 0.75 F each ,  chargeable  )IC 

The e l e c t r i c  f i e l d  induced is  p u r e i y  azimuthal ;  magnetic i nduc t ion  

is  l a r g e l y  r a d i a l  i n  t h e  middle of t h e  channel.  T h e i r  s t r e n g t h  is a t t enu-  

a t e d  i n  t h e  d i r e c t i o n  of propagat ion so  as t o  l i m i t  t h e  e f f e c t  of s y s t e m  

d i s t o r t i o n s  on t h e  plasma motion. To prevent  'any coup l ing  between phases ,  

t h e  o o i l s  are near-symmetrically arranged upstream and downstream of t h e  

nozzle  t h r o a t .  

The e lec t r ic  f i e l d  s t r e n g t h  i s  high enough t o  induce a u t o - i o n i z a t i o n  

of  t h e  gas  w i t h i n  t h e  chosen range of working f l u i d  flow r a t e .  The pheno- 

menon.is of ou t s t and ing  p r a c t i c a l  i n t e r e s t  both f o r  space a p p l i c a t i o n s  and 

f o r  i n v e s t i g a t i o n s  i n t o  t h e  phys ic s  of plasma. 

The fol lowing u n i t s  have been designed on t h e  model desc r ibed  above : 

a )  two a c c e l e r a t o r s  of t h e  same l e n g t h  d i f f e r i n g  on ly  i n  t h e i r  r a d i a l  dim- 

ens ions  (Fig. 2 )  and whose comparative i n v e s e a t i o n  h e l p s  t o  a s c e r t a i n  

any e f f e c t  t h e  channel he igh t  may have on o p e r a t i o n ;  

b )  an a c c e l e r a t o r  w i th  convergent-divergent annu la r  nozz le ,  symmetrical 

about t h e  t h r o a t ;  desc r ibed  a t  l e n g t h  i n  6 ,  i t  i s  intended t o  demonstrate 

t h e  impact of magneto-hydrodynamic a c c e l e r a t i o n  i n  c e r t a i n  cond i t ions .  
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2.2 - Working-fluid supply uni t -d ischarge  c o n t r o l  

-5 
The a c c e l e r a t o r  works i n  a ves se l  pre-evacuated t o  appro%. 10 T o r r ,  

and is  fed  wi th  working f l u i d  (argon)  by a twin-e lec t rova lve  system separ -  

a t i n g  and then  i n j e c t i n g  a l i m i t e d  amount of  gas  (Fig.  3 ) .  The i n l e t  va lve  

opening p u l s e  sets t h e  s t a r t i n g  instant of r e fe rence .  

F igure  4 shows t h e  subsequent v a r i a t i o n  p a t t e r n ,  as measured by a 

p i e z o e l e c t r i c  pick-up, of  t h e  s t a t i c  p r e s s u r e  p r e v a i l i n g  on i n j e c t i o n .  The 

maximum p r e s s u r e  is p ropor t iona l  t o  t h e  argon s t o r a g e  p r e s s u r e  (Fig.  51, 

so  t h a t  once t h e  l a t t e r  has  settled, t h e  ins tan taneous  f low r a t e  v a r i e s  

s o l e l y  wi th  t h e  t i m e  e l apsed  s i n c e  t h e  s t a r t i n g  i n s t a n t .  In view of t h e  

extremely s h o r t  a c c e l e r a t o r  running t i m e  (some t e n s  of m i c r o s e c o n d s ) ,  as 

compared w i t h  t h e  f low-rate  v a r i a t i o n  t i m e  ( a  f e w  m i l l i s e c o n d s ) ,  (Fig.  6 ) .  

The d i scha rge  can a t  t h i s  scale be regarded as in s t an taneous ,  and t h e  flow 

r a t e  as f u l l y  def ined  by t h e  t ime-lag between t h e  s t a r t  p u l s e  and t h e  

c o n t r o l  p u l s e  t r i g g e r i n g  t h e  success ive  d i scha rge ,  a t  a quar te r -per iod  i n t -  

e r v a l ,  of t h e  two banks of c a p a c i t o r s  feeding  each phase (Fig.  3 ) .  

The flow r a t e  can t h u s  be v a r i e d ,  a t  t h e  moment of f i r i n g ,  by ope ra t ing  

w i t h  two parameters ,  v i z .  

a )  c u r r e n t  t r i g g e r i n g  de lay ;  

b )  gas  s t o r a g e  p res su re .  

I t  should,  however, be noted t h a t  t h e  choice  of  a high va lue  f o r  t h e  

t ime-lag,  such as 3 . 5  m s e c  (corresponding t o  t h e  peak of  t h e  flow ra te  VS. 

t i m e  cu rve ) ,  whi le  ensu r ing  optimum accuracy i n  de te rmining  t h e  flow r a t e ,  
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w i l l  a t  t h e  same t i m e  r e s u l t  i n  s e t t i n g  up a coun te rp res su re  downstream o f  

t h e  a c c e l e r a t o r o t h r o u g h  an accumulation o f  gas  e x p e l l e d  p r i o r  t o  t h e  incom- 

i n g  of t h e  c u r r e n t s  and not  a t  once exhausted by t h e  pumps. 

3 - Diagnost ic  f a c i l  it-i-e-s~ -- General-. cha-r3-ctet->-stic-s of- d i s c h a r g e  pl-asma 

3 . 1  - I n t r o d u c t i o n  

To d e f i n e  t h e  c h a r a c t e r i s t i c s  of t h e  type  of plasma generated it  i s  

e s s e n t i a l  t o  know t h e  o r d e r s  of magnitude of t h e  i o n i z a t i o n  c o e f f i c i e n t ,  

e l e c t r o n  d e n s i t y  and temperature ,  and v e l o c i t y ,  a s  a means of determining 

t h e  ope ra t ion  modes, and keeping t r a c k  of t h e i r  v a r i a t i o n s  wi th  t h e  co-or- 

d i n a t e s ,  w i th  t i m e ,  and wi th  t h e  s y s t e m  parameters  (working-fluid flow 

ra te ,  f i e l d  s t r e n g t h s ) .  Accurate measurements of e l e c t r o n  d e n s i t y  by micro- 

wave i n t e r f e r o m e t e r ,  and of e l e c t r o n  temperature  by spectrometry,  

en t a i l  recourse t d  s o p h i s t i c a t e d  t echn iques ,  whose i n t r i c a c y  i n  use w a s  a t  

f i r s t  out of a l l  p ropor t ion  t o  t h e  o b j e c t i v e s  i n  view. Y e t  i t  w a s  a s impl i -  

f i e d  a p p l i c a t i o n  of t h e m  which enabled t h e  o r d e r s  of magnitude t o  be worked 

out i n  numerical  t e r m s .  

3 .2  - Direc t  measureme-nts 

3 . 2 . 1  - Flow-rate measurement 
I-_---__-__---__-_--_ 

The main d i f f i c u l t y  i n  determining t h e  mass flow rate  of t h e  co ld  gas 

f ed  t o  the  a c c e l e r a t o r  l ies i n  t h e  l a r g e l y  unsteady p a t t e r n  of t h i s  inflow. 

T h i s  'snag'  is got  round by assuming t h e  e x i s t e n c e ,  a t  each i n s t a n t ,  of a 

flow wi th  a s t a g n a t i o n  p r e s s u r e  y e t  t o  be determined, i d e n t i c a l  w i t h  t he  

real flow, and amenable t o  t h e  theo ry  of i s e n t r o p i c  s t e a d y  flows. The s o n i c  

- 6 -  



t h r o a t  cond i t ion  f o r  t h i s  imaginary f low w i l l  l e a d  on t o  i t s  s t a g n a t i o n  

p r e s s u r e  s i n c e  t h i s  is  p ropor t iona l  a t  any  i n s t a n t  t o  t h e  s t a t i c  p res su re  

a t  t h e  t h r o a t  as embodied by t h e  tube  which connec ts  t h e  c a v i t y  enc los ing  

t h e  gas  wi th  t h e  nozz le  proper  (Fig.  2 ) .  I t  has  f u r t h e r  been found t h a t  

t h e  v a r i a t i o n  wi th  t i m e  o f  t h e  s t a t i c  p r e s s u r e  i n  t h e  gas  shows a peak pro- 

p o r t i o n a l  i n  i n t e n s i t y  t o  t h e  p re s su re  P i n  t h e  tank  (Fig.  51, and t h a t  

t h e  two curves  p l o t t e d  of  tank  p r e s s u r e s  P and P d e r i v e  from each o t h e r  

through an a f f i n i t y  of r a t i o  PR1/PR2; t h u s  wi th  P 

represen  s t h e  v a r i a t i o n  of t h e  f i c t i t i o u s  s t a g n a t i o n  p r e s s u r e ,  as w e l l  as 

t h e  flow ra te ,  as a func t ion  of  t i m e .  The o r d e r  of magnitude of  t h e  f low 

rates so  c a l c u l a t e d  i s  a few grammes p e r  second f o r  tank  p r e s s u r e s  l y i n g  

c l o s e  t o  t h e  atmospheric and f o r  a d e l a y  corresponding t o  t h e  peak of t h e  

curve f o r  s t a t i c  p r e s s u r e  a t  t h e  t h r o a t .  

R 

R 1  R2 

determined, t h i s  curve 
R 

These c a l c u l a t i o n s  and t h e  u r d e r l y i n g  hypotheseshave been checked by 

measuring : 

a )  t he  s t a t i c  p res su re  and s t a g n a t i o n  p res su re  a t  t h e  nozz le  e x i t ;  

b )  t h e  co ld  gas  e j e c t i o n  v e l o c i t y ,  u s ing  pho tomul t ip l i e r s  t o  determine t h e  

t ime-of - f l igh t  of a plasmoid produced by a d i scha rge  between two e l e c t r o d e s  

i n  t h e  stream and e n t r a i n e d  by  t h e  gas ;  

and a l s o  by a s c e r t a i n i n g  t h a t  t h e  i n t e g r a t i o n  of  t h e  f low r a t e l t i m e  curve 

r e s u l t s ,  i n  f a c t ,  i n  a m a s s  of  gas  equal  t o  t h a t  t rapped  between t h e  two 

elect  rova lves  . 
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3.2.2 - Measurement of electric f i e l d  and magnetic i nduc t ion  _____________------_-------------------------------- 

The azimuthal  electric f i e l d  E ,  wi th  or without  plasma, is determined 

by means of  t h e  p o t e n t i a l  d i f f e r e n c e  a r i s i n g  a t  t h e  ends of  a c i r c u l a r  

conduct ive loop  whose r a d i u s  e q u a l s  t h e  channel mean r ad ius ;  t h e  e lectr ic  

f i e l d ,  at i t s  maximum upon start of d i scha rge  (2000 t o  3000 V . m  1, shows 

a s imusoidal  v a r i a t i o n  quas i -exponent ia l ly  damped i n  t i m e .  

-1 

The r a d i a l  magnetic f i e l d  B is determined wi th  t h e  a i d  of  a probe 

c o n s i s t i n g  of  a s i n g l e ,  4 mm d i a .  loop  s u i t a b l e  f o r  l o c a l  measurement, 2ts 

normal arranged t o  l i e  along an a c c e l e r a t o r  diameter .  Associated wi th  i t  

is a high-gain-valve or an R-C pas s ive  i n t e g r a t o r .  The maximum magnetic 

i nduc t ion ,  of t h e . o r d e r  of 0 .2  Tes l a  a t  t h e  s t a r t  of d i scha rge ,  shapes up 

on much t h e  same l i n e s  as t h e  e l e c t r i c  f i e l d .  

3 .2 .3  - Measurement of  i o n i z a t i o n  c o e f f i c i e n t  and mean e l e c t r o n  temperature  ________________________________________-------------------------- 

A prism spec t rograph  i s  used f o r  t h e  s p e c t r a l  i n v e s t i g a t i o n ,  i n  t h e  

v i s i b l e  and t h e  nea r  UV range,  of t h e  l i g h t  emi t t ed  by t h e  plasma i n  t h e  

e x i t  reg ion  du r ing  d i scha rge ,  t h u s  making f o r  i n t e g r a t i o n  i n  space (over  

a plasma volume of  some t e n s  of cm and e s p e c i a l l y  i n  t i m e ,  wi th  about a 

hundred f i r i n g s  needed t o  make an image on t h e  photopla te .  

3 

The spectrum obta ined  (Fig.  7 - a ,  b ,  c )  i s  e s s e n t i a l l y  a l i n e  spectrum, 

very r i c h  i n  t h e  u l t r a v i o l e t ,  f a r  less so  in t h e  v i s i b l e  range; i t s  a n a l y s i s  

mainly demonstrates  e x c i t e d  s t a t e s  of t h e  s ing ly - ion ized  argon,  and does 

not  enable  any p a r t i c u l a r  l i n e  t o  be t r a c e d  t o  t h e  n e u t r a l  argon wi th  any 

c e r t a i n t y .  Th i s  t ends  t o  i n f e r  f u l l  i o n i z a t i o n  of t h e  plasma genera ted ,  
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a t  any rate around t h e  e l e c t r o n  d e n s i t y  peaks where emission is a t  its 

most i n t e n s e  . 
A n  attempt has a l s o  been made t o  use  t h i s  spectrum t o  measure e l e c t r o n  

temperature ,  on t h e  assumption of local thermodynamic equ i l ib r ium,  by 

determining r e l a t i v e  l i n e  i n t e n s i t i e s .  I t  should be borne i n  mind t h a t  an 

o p t i c a l l y  t h i n  plasma (wi th  no se l f - abso rp t ion  i n  t h e  medium) can be re- 

garded as i n  l o c a l  thermodynamic equ i l ib r ium as soon as t h e r e  is  h igh  elec- 

t r o n  d e n s i t y  (10 21m-3 or upwards) and low temperature  (below lO5'K), w i th  

t h e  e x c i a a t i o n  and d e - e x c i t a t i o n  p rocess  governed by c o l l i s i o n s  of elec- 

t r o n s  with heavy p a r t i c l e s  and t h e  d i s t r i b u t i o n  f u n c t i o n  assumed t o  be 

Maxwellian . To t h i s  c a s e  Boltzmann's l a w  on t h e . d i s t r i b u t i o n  of p a r t i c l e s  

i n  va r ious  e x c i t e d  s t a t e s  i s  a p p l i c a b l e ,  t h e  i n t e n s i t y  of a l i n e  of wave- 

l e n g t h  e m i t t e d  by energy l e v e l  Em, i s  given by 

7 

(1) 
(Em - E,) 

kT exp - ~ 

gm Amn = KN, -- 
Am e lmn 

denotes  t h e  Amn where g is t h e  s t a t i s t i c a l  weight of t h e  h ighe r  l e v e l ,  

p r o b a b i l i t y  of t r a n s i t i o n  from s ta te  m t o  s t a t e  n ,  and k is  a cons t an t  

u n i t i n g  t h e  va r ious  geometr ic  f a c t o r s ,  No s t a n d s  f o r  t h e  heavy p a r t i c l e s  

( i n  t h i s  p a r t i c u l a r  case, s ing ly - ion ized  argon atoms) i n  t h e  fundamental 

s ta te  of energy E,. 

m 

In f a c t ,  t h e  i n t e n s i t y  of t h e  s p e c t r a l  l i n e  recorded on t h e  photogra- 

p h i c  p l a t e  corresponds t o  t h e  t i m e  i n t e g r a t i o n  of t h i s  N,/T func-Lion. A s  

c a l c u l a t i o n s  have shown, i n  t h e  event  of f i e r iod ic  temperature  v a r i a t i o n s  

e 
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of f a i r l y  low r e l a t i v e  ampli tude (somewhere around 20 %), a l l  i t  t a k e s  t o  

o b t a i n  t h e  i n t e g r a t e d  i n t e n s i t y  is  t o  s u b s t i t u t e  t h e  mean f o r  t h e  in s t an -  

taneous temperature  and d e n s i t y  va lues  i n  t h e  above express ion .  

With t h e  experimental  va lues  of t h e  r a t i o  $ = Im m/gmAm 

p l o t t e d  i n  semi- logari thmic co-ord ina tes  f o r  d i f f e r e n t  m va lues ,  as a func- 

t i o n  of t h e  emission-level  energy E t h e  r e s u l t  should be a s t r a i g h t  l i n e  

of a s l o p e  p ropor t iona l  t o  t h e  r e c i p r o c a l  of  t h e  mean e l e c t r o n  temperature  

Te. The  t r a n s i t i o n  p r o b a b i l i t i e s  of t h e  s ing ly- ionized  argon,  r equ i r ed  t o  

compute d m ,  have been obta ined  from t h e  o s c i l l a t o r  s t r e n g t h  s a s  determined 

by G r i e m  i n  t h e  LS-coupling approximation; t h e  g r e a t e r  t h e  l i n e  e x c i t a t i o n  

m '  

7 .  

energy,  t h e  c l o s e r  t h i s  approximation. Regre t t ab ly  enough, t h e  spec t rograph  

used had inadequate  r e s o l v i n g  power(angstrom o r d e r  of magnitude) f o r  the 

t o o  c l o s e l y  spaced l ines  t o  be d i sc r imina ted  a p a r t ,  l eav ing  many of t h e m  sus-  

c e p t i b l e  of two a l t e r n a t i v e  i n t e r p r e t a t i o n s .  Using t h e  unequivocal ly  iden- 

t i f i a b l e  ones a lone ,  t h e  p o i n t s  ob ta ined  g ive  a mean s t r a i g h t  l i n e  ( F i g . 8 ) .  

The  method of least squa res  y i e l d s  t h e  most probable  va lue  of m e a n  e l e c t r o n  

tempera ture ,  which has been found t o  be 17,000'K. The mean square  e r r o r  

about t h i s  most probable  va lue  is 9 %. 

I t  should be poin ted  out  t h a t ,  a t  t h i s  tempera ture ,  t h e  Saha formula 

cover ing  t h e  i o n i z a t i o n  of argon on t h e  l o c a l  thermodynamic equ i l ib r ium 

hypothes is  y i e l d s  t h e  fol lowing r e s u l t s  f o r  a 10 21m-3 d e n s i t y  of s ing ly -  

ion ized  argon; 
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2 +  R +  

+ 2 +  where no is t h e  d e n s i t y  o f  n e u t r a l  atoms, and n , n 

doubly and t r e b l y  ionized atoms. Th i s  c a l c u l a t i o n  shows t h a t  a plasma of  

t h i s  kind only  m n t a i n s  s i n g l y  and doubly-ionized argon i o n s ,  which is  

c o n s i s t e n t  w i th  t h e  foregoing  conclus ion  as t o  t o t a l  i o n i z a t i o n .  

3 .2 .4  - D e t e r m i n a t i o n _ o f - e l e ~ ~ ~ o ~ - ~ ~ ~ ~ ~ ~ ~  

, n3 + t hose  of s i n g l y ,  

Experience has  shown t h a t ,  i n  t h e  p a r t i c u l a r  f low-ra te  range (of t h e  

g/sec o r d e r ) ,  t h e  plasma produced s t o p s  a microwave beam 

of 4 mm c u t o f f  wavelength,  corresponding t o  an e l e c t r o n  d e n s i t y  of over  

6 .  1019m-3. Consider ing t h a t  t h e  p r e - f i r i n g  d e n s i t y  of n e u t r a l  p a r t i c l e s  is  

approx. 8.10 m f o r  a flow r a t e  of 1 g/sec,  t h i s  r e s u l t  enab le s  t h e  mean 

e l e c t r o n  d e n s i t y  t o  be e s t ima ted  as l y i n g  between t h e s e  two values .  

21 -3 

A more a c c u r a t e  de te rmina t ion  of t h i s  q u a n t i t y ,  f e a s i b l e  wi th  due allow- 

ance f o r  t h e  t o t a l  i o n i z a t i o n  of t h e  plasma, w i l l  be set f o r t h  i n  a l a t e r  

s e c t i o n ,  a s  i t  r e q u i r e s  t h e  exhaust  v e l o c i t y  t o  be known as w e l l .  

3 .2 .5  - @"p"Zement of-gxh_aust vgl,g?_i:y 

The  l i g h t  phenomena a t t e n d a n t  on plasma a c c e l e r a t i o n  have been made 

amenable t o  a n a l y s i s  by t h e  use  of an ul t ra-high-speed camera. They involve  

a heavy modulation of a frequency t w i c e  t h a t  of t h e  app l i ed  f i e l d s ,  and 

propagate  i n  t h e  d i r e c t i o n  of plasma e j e c t i o n  . 9 

This  l i g h t  emission w a s  o r i g i n a l l y  a t t r i b u t e d  t o  a cont inuous plasma 

background, and hence g iven  t h e  supposed form : 
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( 2 )  
2 -1/2 

I K "e Te 

I being t h e  luminous i n t e n s i t y ,  and n and T t h e  e l e c t r o n  d e n s i t y  and 

temperature  of t h e  plasma, The modulations of luminos i ty  could a t  t h e  l i n e  

be conceived of as stemming l a r g e l y  from modulations of d e n s i t y  p r e v a i l i n g  

over  t hose  of temperature .  From t h e  t o t a l  plasma e m i t t e d  l i g h t ,  as r e g i s -  

t e r e d  with t h e  a i d  of photo-mul t ip l ie rs  (lamps RCA EP 28, whose photo-sen- 

s i t i v e  f i l m ,  t ype  S 5 , f o r m s  a pass-band over  t h e  approx. range o f  from 2 ,200  

8 t o  5 ,500  8,  with  a wel l -def ined s e n s i t i v i t y  peak a t  3400 81, t h e  v e l o c i t y  

of propagat ion can be der ived  by measuring t h e  t ime-o f - f l i gh t  between two 

p lanes  nea r  t h e  e x i t  s e c t i o n .  Relevant tests y ie lded  va lues  ranging from 

18.5 t o  22 km.sec-', and poin ted  t o  no marked dependence on v e l o c i t y  a s  a 

func t ion  of t h e  flow rate  and of t h e  i n t e n s i t y  of t h e  app l i ed  e lec t romagnet ic  

f ie lds" .  S ince  t h e s e  va lues  d i f f e r e d  q u i t e  apprec iab ly  from t h e  r e s u l t s  

of i n d i r e c t  measurement by t h e  technique  covered i n  3 .3 ,  t h e  assumptions 

under ly ing  t h e  d i r e c t  method, and i t s  mode of a p p l i c a t i o n ,  seemed t o  need 

r e v i s i n g  i n  t h e  l i g h t  of t h e s e  d i s c r e p a n c i e s ,  which may w e l l  mean t h a t  t h e  

t r a v e l  of t h e  l i g h t  phenomena does no t  co inc ide  wi th  t h e  motion of t h e  p l a s -  

m a  m a s s " .  The spec t rographic  examination has  shown t h a t  t h e  t o t a l  l i g h t  

picked up by t h e  photo-mul t ip l ie rs  o r i g i n a t e s  from t h e  emission,  no t  of a 

cont inuous background, but  of a spectrum of ion  l i n e s .  Thus, e l e c t r o n  temp- 

e r a t u r e  e n t e r s  exponen t i a l ly  i n t o  t h e  i n t e n s i t y  of l i g h t  r a d i a t i o n  ( c f .  

formula 1 ) , and  t h e  weak po in t  i n  t h e  foregoing  method l i e s  i n  t h e  s imul ta -  

neous dependence of t h i s  i n t e n s i t y  on t h e  parameters  of  both e l e c t r o n  

e e 
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temperature  and e l e c t r o n  d e n s i t y .  

To exclude a l l  temperature-responsive p rocesses ,  t h e r e  has  been 

adopted a direct  measurement method bound up wi th  t h e  m a s s  motion of plasma. 

The 4 mm hyperfrequency emission c u t o f f  caused by t h e  passage of 

the plasma i s  s o l e l y  dependent on e l e c t r o n  dens i ty .  Accordingly,  by deter- 

mining t h e  t ime-of - f l igh t  of t h e  c u t o f f  s t e e p  f r o n t ,  t h e  plasma exhaust  

v e l o c i t y  can be obtained.  

Moreover, an experiment described i n  has  shown t h a t  t h e  plasma pro- 

duced by a geomet r i ca l ly  a s  w e l l  a s  e l ec t romagne t i ca l ly  symmetric acce le-  

r a t o r ,  working i n  a medium of argon a t  rest, t u r n s  up a t  one of t h e  two 

a c c e l e r a t o r  ends on ly ,  no tab ly  a t  t h e  one corresponding t o  t he  e x i t  p lane  

a s  def ined  by t h e  d i r e c t i o n  of wave propagat ion.  Th i s  r u l e s  out t h e  hypo- 

thesis  t h a t  a t t r i b u t e s  t h e  observed c u t o f f  t o  an i o n i z a t i o n  i n  s i t u  of t h e  

i n j e c t e d  gas ,  because such i o n i z a t i o n  is  not  seen t o  occur  i n  t h e  s y m m e t r i -  

c a l  p lane  (with r e s p e c t  t o  t h e  t h r o a t s )  where t h e  s t a t e  of t h e  e l e c t r o -  

magnetic f i e l d  i s  t h e  s a m e .  With t h e  c u t o f f  found t o  s h i f t  as f a r  as some- 

t h i n g  l i k e  30 c m  from t h e  e x i t  p l a n e ,  where t h e  app l i ed  f i e l d s  no longer  

p l ay  any p a r t ,  i t  is  reasonable  t o  i n f e r  t h a t  t h e  displacement observe goes 

hand i n  hand wi th  t h a t  of t h e  plasma m a s s .  

With t h e  plasma-emitted l i g h t  s i g n a l s  concur ren t ly  picked up at t h e  

s a m e  abscissae by means of p h o t o m u l t i p l i e r s ,  a comparison of t h e  two record-  

i n g s ,  coupled wi th  de te rmina t ion  of t h e  propagat ion r a t e s  of t h e  r e l a t i v e  

e l e c t r i c  f i e l d  and of t h e  c u r r e n t  d e n s i t y ,  w i l l  enab le  t h e  observed d i s p l a c -  
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ements t o  be eva lua ted .  F igure  9 shows a t y p i c a l  o sc i l l og ram of t h e  photo- 

m u l t i p l i e r  and hyperfrequency s i g n a l s  rece ived .  I t  r e v e a l s  t h a t  t h e  s t r o n g  

modulation recorded by t h e  pho tomul t ip l i e r s  n e a r  t h e  e x i t  p l ane  (Fig.  9 a )  

r a p i d l y  smoothes out  when moving f u r t h e r  and f u r t h e r  away from i t ,  only to 

l eave  a s i n g l e  peak c l o s e  behind t h e  c u t o f f  (Fig.  9 b ) ,  both of which can 

be picked up a t  a cons ide rab le  d i s t a n c e  from t h e  e x i t  plane.  The o s c i l l a -  

t i o n  seen i n  F igure  9 b ,  fo l lowing  t h e  c u t o f f  of t h e  d i f f r a c t i o n  of t h e  

s i g n a l  rece ived  by  t h e  d e t e c t o r  c r y s t a l  r e p r e s e n t s  t h e  d i f f r a c t i o n  of t h e  

hyperfreauency beam on t h e  upstream edge of the plasmoid . 
Figures  l O , : . l l ,  12 and 13 o f f e r  a comprehensive view of  t h e  r e s u l t s  

f o r  a flow rate of 1.2 g/sec. In  o r d i n a t e  t h e  a x i a l  p o s i t i o n  of t h e  photo- 

multiplier/hyperfrequency-beam assembly is marked i n  wi th  r e f e r e n c e  t o  an 

a r b i t r a r y  o r i g i n .  In a b s c i s s a  are p l o t t e d  t h e  p o s i t i o n s  i n  t i m e ,  as from 

t h e  s t a r t  of d i scha rge ,  of t h e  envelope v e r t e x  of  t h e  luminos i ty  peaks 

supp l i ed  by t h e  pho tomul t ip l i e r s  and of  t h e  c u t o f f  f r o n t  as i n d i c a t e d  i n  

F igure  9. One and t h e  same f i g u r e  conveys t h e  r e s p e c t i v e  d a t a  on t h e  photo- 

m u l t i p l i e r s  and t h e  microwaves f o r  equal  va lues  of t h e  woxking parameters  

(charging vo l t age  V of t h e  banks of c a p a c i t o r s ,  c u r r e n t  t r i g g e r i n g  de lay  r, 

argon s t o r a g e  p r e s s u r e  H I .  

The tests performed l e a d  t o  t h e  fo l lowing  conclus ions ;  

a )  t h e  mean v e l o c i t i e s  ob ta ined  show no p e r c e p t i b l e  slowing down of t h e  

plasma over  t h e  d i s t a n c e s  covered; 

b )  wi th  t h e  modulation of t h e  luminos i ty  s i g n a l s  i n  ev idence ,  t h e  t r a v e l l i n g  
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speed of  t h e  c l u s t e r  o f  peaks brought on by one p a r t i c u l a r  f i r i n g  is  invar-  

i a b l y  something l i k e  20 km.sec '. On t h e  o t h e r  hand, t h e  v e r t e x  of t h e i r  

envelope moves a t  much t h e  s a m e  speed as t h e  s i n g l e  peak t h e  s i g n a l  c o n t r a c t s  

t o  on s toppage of  modulation and as t h e  c u t o f f  f r o n t .  

c )  Exhaust v e l o c i t y  i n  t h e  v o l t a g e  range under c o n s i d e r a t i o n  i s  b a r e l y  a f f ec -  

t e d  by t h e  i n i t i a l  charg ing  vo l t age ,  i .e.  t h e  app l i ed  f i e l d  s t r e n g t h ,  l i m i t e d  

as it  is by t h e  equipment c a p a b i l i t i e s  at t h e  upper end of  t h e  range (18  kV) 

and by t h e  occurrence of plasma i n s t a b i l i t i e s  at t h e  lower end (8,5 kV). 

d )  The v e l o c i t y  f a l l s  o f f  markedly(fromappr0x. 7 t o  10 km/sec i n  t h e  cases 

shown i n  f i g u r e s  10 and 11, down t o  anything l i k e  3 km/sec as r ega rds  

f i g u r e s  12 and 13)  i f  t h e  coun te rp res su re  is  increased  a t  t h e  a c c e l e r a t o r  

e x i t  whi le  keeping t h e  flow rate  cons tan t .  

3 .2 .6  - Measurement of  c u r r e n t  d e n s i t y  

- 

.............................. 

The a c c e l e r a t o r  has  a ' s l i p '  regime, i . e . ,  t h e  plasma v e l o c i t y  is  f a r  

lower than t h a t  of t h e  t r a v e l l i n g  wave, r e s u l t i n g  i n  a r e l a t i v e l y  s t r o n g  

induced c u r r e n t  c i r c u l a t i n g  i n  t h e  plasma. 

110 The measurement, of t h i s  q u a n t i t y  is based on t h e  used of small-size 

(average d i a .  6 t o  8 mm) Rogovski-type pick-up c o i l s  i n  conjunct ion  wi th  an 

R C pas s ive  i n t e g r a t o r ,  d i r e c t l y  provid ing  t h e  osc i l l og ram of  t h e  c u r r e n t  

f lowing through t h e  probe. The probe may be of two t y p e s ,  v i z .  

a )  many-turn c o i l  (N > 100) wi th  i n s u l a t i n g  co re ;  

b )  c o i l  of few t u r n s  (N N 20)  wi th  i ron-dust  core .  

/ 

Since  a l l  such probes are s u b j e c t  t o  a ,  sometimes apprec i ab le ,  i nduc t ive  
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d i s tu rbance  produced by t h e  app l i ed  magnetic i nduc t ion  B, t h e  double- layer  

winding scheme sets t h e  coil  e lements  i n  such opposing r e l a t i v e  p o s i t i o n s  

as t o  coun te rac t  t h e  in f luence  of t h a t  Lomponent of B which is normal t o  

t h e  probe plane.  Th i s  s t i l l  l e a v e s  t h a t  p a r t i c u l a r  e f f e c t  of t h e  B compo- 

nent  i n  t h e  probe p lane  which is  due t o  unevenness of  t h e  component 

over  d i s t a n c e s  of  t h e  o r d e r  of t h e  probe s ize ,  and t o  i r r e g u l a r i t i e s  i n  t h e  

winding. To n e u t r a l i z e  t h i s  second spur ious  component c a l l s  f o r  t h e  use  of 

a d i f f e r e n t i a l  u n i t  composed of  t h e  measuring probe and of  a b l i n d  probe 

next  t o  t h e  former,. which d e l i v e r s  t h e  spu r ious  s i g n a l  a lone  (Fig.  14) .  

L e t  i t  be noted t h a t  t h e  use of a t o r o i d a l  i ron-dust  c o r e  l e a v e s  t h e  probe 

s igna l - to-noise  r a t i o  unaf fec ted .  A s  f o r  t h e  pass-band of t h e  probe c i r c u i t ,  

t h e  in f luence  of t h e  inductance c o i l ,  which i n c r e a s e s  i n  p ropor t ion  t o  

( /L being t h e  magnetic pe rmeab i l i t y  of i r o n  d u s t ) ,  is d e c i s i v e ,  and has  

l e d  t o  t h e  a p p l i c a t i o n  of probes of type  b ) .  

P N2 

In o rde r  t o  a r r i v e  a t  t h e  c u r r e n t  d e n s i t y ,  t h e  u s e f u l  c r o s s  s e c t i o n  of 

t h e  probe,  or r a t h e r  of t h e  c u r r e n t  t ube  f lowing through and measured by i t ,  

must be determined. To t h i s  end, a checking procedure w a s  c a r r i e d  out  on 

a r a i l - t y p e  plasma gun , c o n s i s t i n g  i n  s e t t i n g  up an accu ra t e  c h a r t  of  t h e  
12 

e f f e c t i v e  magnetic-induction components and us ing  it  t o  compute t h e  c u r r e n t  

d e n s i t y  from t h e  Maxwell equa t ions ,  a t  va r ious  p o i n t s  of a g r i d .  A r e g i s -  

t r a t i o n  of t h e  va lues  measured a t  t h e s e  p o i n t s  by a Rogovski probe makes, 

by m&ans of comparison, f o r  a sequence of approximate va lues  f o r  t h e  c r o s s  

s e c t i o n  sought ,  grouped about a mean va lue  coming f a i r l y  c l o s e  t o  t h e  inne r  

c ross -sec t ion  of t h e  probe.15 
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-1 Over t h e  f low-ra te  range under i n v e s t i g a t i o n  (from 0 t o  6 g . s e c  ), 

t h e  c u r r e n t  d e n s i t y  curve  takes t h e  shape p l o t t e d  i n  f i g u r e  15. Its  succes- 

s i v e  peaks are l i t t l e  a f f e c t e d  by t h e  va lue  of t h i s  parameter  a t  s tandard  

working rates of flow (Fig.  16), and b; t h e  va lue  of t h e  c u r r e n t  t r i g g e r -  

i n g  de lay  a t  a given rate.  

To t r y  and account f o r  t h e  d i sc repanc ie s  i n  t h e  r e s u l t s  of  t h e  d i f f e r e n t  

v e l o c i t y  measurements] t h e r e  have a l s o  been made t ime-of - f l igh t  measurenerts 

of  t h e  propagat ion  v e l o c i t y  of  c u r r e n t  d e n s i t y  peaks,  between 0 and 30 mm 

from t h e  a c c e l e r a t o r  e x i t ,  f o r  charg ing  vo l t ages  of 12 and 15 kV, for de lays  

corresponding t o  t h e  s t a r t  ( 2 . 2  msec) and t h e  peak (3 .5  msec) of  t h e  in j ec -  

t i o n  p res su re  curve ,  and f o r  f low-ra te  va lues  ranging  from approx. 1.6 g . s e c  

t o  8 g . sec  . 

-1 

-1 

T h e  mean propagat ion  v e l o c i t i e s  of the va r ious  peaks over  t h e  d i s t a n c e s  

-1 explored are i n  t h e  reg ion  o f  20 km. sec  ( c f .  t h e  t y p i c a l  case i l l u s t r a t e  d 

i n  f i g u r e  17).  The scat ter  i n  t h e  measured va lues ,  which is  of t h e  s a m e  o rde r  

as t h a t  occu r r ing  i n  t h e  v e l o c i t y  measurements  of t h e  luminous phenomena, 

g i v e s  no i n d i c a t i o n  whatsoeverthat  t h e  d i scha rge  parameters  of de l ay ,  flcw 

rate  and charg ing  vo l t age  e x e r t  any inf luence .  

3 .3  - I n d i r e c t  measurement of basic plasma parameters  

Whenever a p p l i c a b l e ,  i n d i r e c t  methods of de te rmina t ion  can o f t e n  be more 

f l e x i b l e ,  even though less s u b t l e  i n  use  than  d i r e c t  measurement. In  t h i s  

r e s p e c t ,  t h e  t ravel l ing-wave a c c e l e r a t o r  has  been found t o  o f f e r  a v e r s a t i l e  

range of p o t e n t i a l  u s e s ,  and t o  enab le  t h e  b a s i c  parameters  of  e l e c t r o n  
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t empera ture  and d e n s i t y ,  and of v e l o c i t y ,  t o  be a r r i v e d  at through a meas- 

urement of s u b s i d i a r y  q u a n t i t i e s ,  such as c u r r e n t  d e n s i t y ,  and t h e  e l e c t r i c  

and magnetic f i e l d s .  

3 .3 .1  - p r i n c i p l e  _---__-_- 
Underlying t h e c o n c e p t i o n  o f t h e  method is  t h e  p o s s i b i l i t y ,  a f forded  by 

t h e  fu l ly - ion ized  state of t h e  gas ,  of apply ing  O h m ' s  l a w  t o  a b inary  p l a s -  

ma composed s o l e l y  of e l e c t r o n s  and j u s t  one kind of ions.  Wi th  e l e c t r o n  

i n e r t i a  d i s r ega rded ,  whi le  due allowance is  mad8 f o r  t h e  l a c k  of e l e c t r o d e s  

and t h e  symmetry c h a r a c t e r i s t i c s  and o v e r a l l  n e u t r a l i t y  of t h e  plasma, t h e  

azimuthal p r o j e c t i o n  of the  equa t ion  of e l e c t r o n  motion l e a d s  t o  t h e  follow- 

ing  r e l a t i o n s h i p  : 

(3 1 j = (J- (E - uB) 

where j is  t h e  azimuthal c u r r e n t  d e n s i t y ,  u t h e  a x i a l  v e l o c i t y  of t h e  plasma 

and Cl- i ts  s c a l a r  conduc t iv i ty  a s  de f ined ,  i n  p a r t i c u l a r ,  by S p i t z e r  , 14 

3/2 
and having t h e  form 

T 
-3 e (4 1 6 = 7 , 8  10 ------- 

Log A 

ee being t h e  p e r m i t t i v i t y  of vacuum, k Boltzmann's c o n s t a n t ,  and e t h e  

e l e c t r o n  charge.  

In v i ew of t h e  not  n e g l i g i b l e  phase s h i f t  found between j ,  E and B, a 

concurren t  measurement of these t h r e e  q u a n t i t i e s  makes i t  poss ib l e  t o  o b t a i n  
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the plasma v e l o c i t y  u when j = 0 and t h e  conduc t iv i ty  cJ- (hence t h e  elec- 

t r o n  tempera ture)  when B = 0.  O n  t h e  assumption t h a t  e l e c t r o n  temperature  

v a r i e s  w i th  t h e  r e l a t i v e  electric f i e l d  (E - u B )  a lone ,  i .e . ,  t h a t  t h e  

thermal-energy and p r e s s u r e  t e r m s  are n e g l i g i b l e  i n  t h e  e l e c t r o n  energy 

equa t ion ,  t h e  C ( E )  l a w  coming i n t o  f o r c e  whenever B = 0 may be extended 

t o  cover  ope ra t ion  a t  i n s t a n t s  of B f 0. Th i s  enab le s  a complete tempera- 

t u r e  and v e l o c i t y  p r o f i l e  w i t h i n  a p a r t i c u l a r  f i r i n g  t o  be de r ived  from t h e  

previous  measurements 

3.3.2 - Resu l t s  

11, 15 

- - - - - - - 
The measurements w e r e  performed wi th  t h e  a i d  of a t r i p l e  probe ( E ,  B ,  j). 

I t  w a s  a s c e r t a i n e d  t h a t  t h e  presence of t h e  o t h e r  two probes d id  no t  i n t e r -  

f e r e  wi th  t h e  response of e i ther  t h e  e l e c t r i c - f i e l d  or t h e  c u r r e n t  probe ,  

and only  s l i g h t l y  wi th  t h a t  of  t h e  magnet ic-f ie ld  probe. 

The set of d a t a  ob ta ined  d e r i v e s  from a test  run  i n  which t h e  e lec t r ic  

-1 
f i e l d s  measured ranged from 0 t o  600 V . m  . 

The fo l lowing  f i n d i n g s  w e r e  made : 

a )  For t h e  whole set of test p o i n t s  (Fig.  181, conduc t iv i ty  shows a r a t h e r  

s l i g h t  v a r i a t i o n  about a mean va lue  of 2 . 2  mh0.m and between two extremes 

r ep resen ted ,  under formulas  ( 4 )  and (5 )  ( l o g h  i s  b a r e l y  respons ive  t o  n 

and T v a r i a t i o n s ) ,  by t h e  upper and lower l i m i t s  of e l e c t r o n  temperature ,  

i .e .  21000°K and 13 OOO°K, r e spec t ive ly .  w a s  only de f ined  t o  a m u l t i p l i -  

-1 

e 

e 

c a t i o n  f a c t o r  s t and ing  for t h e  u s e f u l  s u r f a c e  of t h e  Rogovski probe used; 

however, t h e  sys t ema t i c  e r r o r  thereby  introduced i n t o  t h e  de te rmina t ion  of  
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T i n  no case exceeds 20 %. 

b)  Veloc i ty  s t a y s  w i t h i n  t h e  range of from 2.5 t o  5 km.sec , and as pre- 

d i c t a b l e  from t h e  s i m p l i f i e d  t h e o r i e s ,  shows modulat ions i n  t i m e  (Fig.  19) ,  

of  a frequency t h a t  seems t o  be t w i c e  as h igh  as t h a t  of  t h e  e x c i t i n g  cur-  

r e n t  s. 

e 
-1 

With i o n i z a t i o n  complete and t h e  composition of t h e  plasma dependent 

on i t s  temperature  a lone ,  once t h e  v e l o c i t y  and t h e  flow rate of i n j e c t e d  

p ropu l s ive  gas  are known, a mean va lue  can be computed f o r  e l e c t r o n  dens i ty .  

Thus, f o r  a flow of 1.2 g. sec ', a mean exhaust  v e l o c i t y  of  4 km and a mean 

temperature  of  17 OOOOK(corresponding as seen  i n  3 .2 .3 ,  t o  a p ropor t ion  of 

2/3 of A+ i ons  and of 1/3 of A++ions),  t h e  e l e c t r o n  d e n s i t y  w a s  found t o  be 

- 

21 -3 
1.7 10 m . 

On t h e  s t a t e  of  i o n i z a t i o n  i t  should be noted t h a t  even wi th  t h e  gas 

f u l l y  ion ized  i n  t h e  v i c i n i t y  of t h e  e l ec t ron -dens i ty  maxima, t h e  p o s s i b l e  

presence of a no t  n e g l i g i b l e  p ropor t ion  of n e u t r a l s  n e a r  t h e  minima cannot 

be r u l e d  out  i n  t h e  event  of t h e  e l e c t r o n  d e n s i t y  being heav i ly  modulated. 

A s  a ma t t e r  of f a c t ,  such presence ,  dh ich  may r e s u l t  from non-homogeneous 

i o n i z a t i o n  a t  t h e  s ta r t ,  admits of being n e i t h e r  disproved no r  confirmed by 

t h e  d i a g n o s t i c  methods used. 
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I t  can s a f e l y  be s a i d  a t  t h i s  s t a g e  t h a t  t h e r e  is  a good measure of 

agreement between t h e  two r e s p e c t i v e  sets of  r e s u l t s  from t h e  d i r e c t  and 

from t h e  i n d i r e c t  methods of  e l e c t r o n  temperature  measurement. I n  any c a s e ,  

any  necessary approximations t o  be app l i ed  t o  one of  t h e  two methods can a l -  

ways be checked up on by r e s o r t  t o  t h e  o t h e r .  In p a r t i c u l a r ,  spectrography 

bea r s  out  t h e  assumption of  f u l l  i o n i z a t i o n ,  which makes f o r  an apprec i ab le  

s i m p l i f i c a t i o n  of Ohm's l a w .  S i m i l a r l y ,  w i t h  in s t an taneous  conduc t iv i ty  vary- 

i ng  by some 35 % under t h e  cond i t ions  desc r ibed  in15, t h e  corresponding 

temperature  v a r i a t i o n s  j u s t i f y  d e f i n i t i o n  of a mean va lue ,  which enab le s  

Boltzmann's l a w  t o  be appl ied .  

A t t en t ion  i s  l a s t l y  drawn t o  t h e  cons i s t ency  between t h e  two sets of 

) a s  obta ined  by direct  and 2 1,-3 e l e c t r o n  d e n s i t y  va lues  (of t h e  o rde r  of 10 

by i n d i r e c t  means. 

3.4.2 - yelocity-measuremnts 

H e r e  again, t h e  r e s p e c t i v e  r e s u l t s  from t h e  d i r e c t  and t h e  i n d i r e c t  t ech-  

niques a r e  w e l l  i n  keeping,  t h e  mean v e l o c i t y  va lues  obta ined  l y i n g  between 

2 .5  and 4 km.sec i n  case of a marked t ime-lag,  i .e ,  h igh  counterpressure.  -1 . 

A r educ t ion  i n  t h e  l a t t e r  g ives  rise t o  a n o t a b l e  inc rease  i n  e j e c t i o n  

v e l o c i t y ;  t h e  direct  method y i e l d e d  h igher  va lues  (approx. 6 . 5  t o  9.5 km. sec-l> 

i n  case of s h o r t  de l ay  t i m e s ,  which correspond more c l o s e l y  t o  t h e  a c t u a l  

aerodynamic c o n d i t i o n s  of cont inuous ope ra t ion .  

3 .4 .3 .  - I n t e r p r e t  a t  ion  of luminous phenomena 
__-_____I_-_________---_------------ 

The spec t rog raph ic  r e s u l t s  have shown t h a t  what t h e  l i g h t  emission 
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involves ,  a t  any ra te  on t h e  o u t s i d e  of  t h e  a c c e l e r a t o r ,  are n o t  r a d i a t i v e  

recombination p rocesses ,  which would y i e l d  a cont inuous  spectrum, but  a 

v i r t u a l l y  s imultaneous e x c i t a t i o n  and de -exc i t a t  i on  of  t h e  f u l l y  ion ized  gas , 

a t  least i n  t h e  neighbourhood o f  t h e  e l ec t ron -dens i ty  peaks. Accordingly,  

t h e  s t r o n g  luminos i ty  modulation observed may d e r i v e  from f l u c t u a t i o n s  of 

e i t h e r  e l e c t r o n  d e n s i t y  or e l e c t r o n  tempe'rature,  though luminous i n t e n s i t y  

is p a r t i c u l a r l y  s e n s i t i v e  t o  those  of t h e  lat ter ( c f .  formula (1)) .  Since 

t h e  propagat ion v e l o c i t y  of t h e  l i g h t  modulat ions g r e a t l y  d i f f e r s  from t h e  

f l u i d  v e l o c i t y ,  t h e i r  o v e r r i d i n g  cause l i e s  i n  a tempera ture  modulation pre-  

v a i l i n g  over  any modulations of dens i ty .  

I t  should a l s o  be  borne i n  mind t h a t  t h e  assumption underlying t h e  ind- 

i rect  method,namely, t h a t  , and hence T , are s o l e l y  dependent on t h e  

r e l a t i v e  e l e c t r i c  f i e l d  E - L B ,  is  grounded on a d i s r e g a r d  of t h e  e l e c t r o n -  

p re s su re  and t h e r m a l - i n e r t i a  t e r m s .  Th i s  imp l i e s ,  by t h e  same token,  t h a t  

T and vary i n  t h e  same sense  as E ' .  The form of Ohm's l a w  used w i l l  

now show t h a t  t h e  modulations of c u r r e n t  d e n s i t y  and of temperature  fo l low 

those  of t h e  r e l a t i v e  e l e c t r i c  f i e l d .  In f a c t ,  t h e  luminous processes  and 

c u r r e n t  d e n s i t y  have been found t o  propagate  a t  much t h e  same mean ve loc i ty ,  

which is  of t h e  o r d e r  of 20 km.sec , and t h e i r  modulations t o  be s t r i c t l y  

i n  phase,  as demonstrated by t h e  record9 made s imultaneously under varying 

cond i t ions  of f low-ra te ,  de l ay  and charg ing  vo l t age  (Fig.  2 0 ) .  

e 

e 

-1 

This ,  then ,  leads up t o  conceiving of a wave of  temperature  dependent 

on t h e  r e l a t i v e  e l e c t r i c  f i e l d  and propagat ing  a t  i t s  v e l o c i t y  i n  t h e  mass 
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of plasma, independent ly  of t h e  plasma ve loc i ty .  Thus w e  are faced  wi th  t h e  

propagat ion  of hot  zones of increased  e x c i t a t i o n ,  i n  which t h e  l i g h t  ar is-  

i n g  out  of  de -exc i t a t ion  t r a v e l s  a t  t h e  rate of t h e  r e l a t i v e  f i e l d .  

3 . 4 . 4  - Form of  Ohm's l a w  ----------------- 

Ohm's l a w  as r e l e v a n t  t o  t h i s  type  of a c c e l e r a t o r  has  been inqu i r ed  

i n t o  experiment a l l y  lo' 15, and by a t h e o r e t i c a l  approach lo, which is  summed 

up below on broad l i n e s ,  t o g e t h e r  w i th  i t s  genera l  r e s u l t s .  

Some of t h e  foregoing  measurements have y i e lded  approximate va lues  for 

e l e c t r o n  d e n s i t y  and tempera ture ,  which he lp  t o  s impl i fy  t h e  motion and en- 

ergy equa t ions  of  a two-f luid ( e l e c t r o n s  and i o n s )  model, by provid ing  sup- 

p o r t  f o r  t h e  fo l lowing  hypotheses  : 

a )  F u l l  i o n i z a t i o n  of plasma 

b )  P res su re  t e r m s  n e g l i g i b l e  

c )  Energy exchange between e l e c t r o n s  and ions  (due t o  t h e  d i f f e r e n c e  i n  t h e i r  

r e s p e c t i v e  t empera tu res )neg l ig ib l e  . 
By making t h e  f u r t h e r  assumption, a p o s t e r i o r i  s u b s t a n t i a t e d  by t h e  

c o n s i s t e n t  r e s u l t s  d e r i v i n g  from t h e  i n d i r e c t  method, that  t h e  e l e c t r o n s  

possess a n e g l i g i b l e  thermal  i n e r t i a ,  and a l s o  t h a t  t h e r e  is  no l o s s  of energy 

through i n e l a s t i c  c o l l i s i o n s  ( a p a r t  from t h e  i n i t i a l  i o n i z a t i o n  p r o c e s s ) ,  

a s i m p l i f i e d  e l e c t r o n  energy equa t ion  is  obta ined;  provided t h e  temperature  

a t  t h e  w a l l  is  low i n  comparison wi th  t h e  e l e c t r o n  temperature  i n  t h e  c e n t r e  

of t h e  channel ,  t h i s  leads t o  a s t r a igh t fo rward  r e l a t i o n s h i p  l i n k i n g  t h e  

l a t t e r  t o  t h e  ha l f -he ight  h of the  channel and t h e  r e l a t i v e  e lec t r ic  f i e l d  
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4 = 1,08.10 h(E - uB) 
(6 Te 

Using (4) and (51, a s i m p l i f i e d  Ohm's l a w  is obta ined  

(7 4 h3'2(E - uB) 5/2 
j = OJ88 10 

The main advantage of t h i s  model is  t h a t  i t  a l lows  f o r  t h e  t r a n s p o r t  

c o e f f i c i e n t s  depending on e l e c t r o n  temperature .  

16 
Another model, t h i s  t i m e  i n t roduc ing  t h e  t e r m s  of  convect ion and of 

exchange, due t o  l a c k  of thermal equ i l ib r ium between t h e  d i f f e r e n t  s p e c i e s  

( e l e c t r o n s ,  i o n s ,  atoms) has  been t r e a t e d  numer ica l ly ;  t h e  r e s u l t s  do not  

run counter  t o  t h e  regime p rev ious ly  ob ta ined ,  which appears  t o  be an "asymp- 

t o t i c "  one r a p i d l y  a r r i v e d  a t  by t h e  f low under s u i t a b l y  chosen i n i t i a l  cond- 

i t i o n s  ( tempera tures ,  d e n s i t i e s ) ,  and t h a t  even i n  case of an incompletely 

ion ized  plasma (for degrees  of i o n i z a t i o n  over  0.1). 

Formula ( 7 )  has  t h u s  been sub jec t ed  t o  a series of  experimental  meas- 

urement s .  

A s  f o r  t h e  dependence of j on t h e  3/2 power of t h e  channel ha l f -he ight  

h ,  i t  should be po in ted  out  t h a t  t h e r e  have been made comparative measurements 

on two a c c e l e r a t o r s  of d i f f e r i n g  channel h e i g h t s ,  working under s imilar  

dynamic and e lec t romagnet ic  cond i t ions  . The gene ra l  t r end  of r e s u l t s  seems 

t o  bear  out  t h e  suggested formula,  and they tend t o  t a l l y  t h e  more t h e  h igher  

t h e  electric f i e l d  a t  work. 

The experimental  va lues  obta ined  f o r  n and T e e suggest  t h a t  l o g  A 
is  p r a c t i c a l l y  cons t an t  (Log A = 7.05 f o r  n = 10 m and T = 10 O K ) .  

21 -3 4 
e e 
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L a s t l y ,  t h e  v a r i a t i o n  of j as a func t ion  of (E - UBI can be s t u d i e d  

i n  t h e  l i g h t  of t h e  measurements of j and E when B is  zero .  A c l o s e  look 

a t  t h e  way j shapes up as a func t ion  of  E dur ing  one p a r t i c u l a r  f i r i n g  

r e v e a l s  t h a t  t h e  tests are remarkably w e l l  r e p e a t a b l e  (Fig.  21), and t h a t  

(8 1 4 
t h e r e  e x i s t s  an empi r i ca l  l a w  of t h e  type  : j o C E  

which d i f f e r s  from t h e  one adumbrated by t h e  t h e o r e t i c a l  model ( d = 1.14 

as r e l a t i n g  t o  Fig.  21). This  empi r i ca l  formula s o l e l y  depends on t h e  i n i -  

4: 
t i a l  charg ing  vo l t age  ( f i g .  22). General ized i n t o  : j d  (E - uB) (9)  

it  y i e l d s  f u l l y  coherent  r e s u l t s  i n  determining v e l o c i t y  by t h e  use of t h e  

i n d i r e c t  method. 

I t  appears  accord ingly  t h a t  w h i l e  formula (7) (which comes down t o  

j = 0.8 E,5'2 i n  t h e  test c o n d i t i o n s  covered by f i g u r e  21) g i v e s  an accept-  

able o r d e r  of magnitude f o r  c u r r e n t  d e n s i t y  within t h e  range of  medium- 

s t r e n g t h  (approx. 500 V.m-') e l e c t r i c  f i e l d s ,  i t  f a i l s  t o  cover  i t s  v a r i a t i o n  

wi th  t h e  l o c a l  e lec t r ic  f i e l d  (Fig.  21). The most open t o  c r i t i c i s m  amongst 

t h e  b a s i c  hypotheseson t h e  t h e o r e t i c a l  model governed by formula (7) concerns 

t h e  l o s s e s  by i n e l a s t i c  c o l l i s i o n s .  In p a r t i c u l a r ,  e v a l u a t i o n  of  t k e  power 

r a d i a t e d  by t h e  va r ious  s p e c t r a l  l i n e s  p re sen t  y i e l d s  an o r d e r  of  magnitude 
n 

comparable wi th  t h a t  of  t h e  J o u l e  e f f e c t  t e r m  j"/ (J- 

i v e  of t h e  importance plasma r a d i a t i o n  comes i n  f o r  t h e  energy balance.  I t  

should however be noted t h a t  by in t roducing  a r a d i a t i o n  t e r m  depen- 

dent  on T i n t o  t h e  e l e c t r o n  energy equat ion ,  t h e  basic assumption underly- 

i n g  t h e  i n d i r e c t  method of  plasma v e l o c i t y  de t e rmina t ion ,  namely t h a t  T is  

, which is i n d i c a t -  

e 

e 
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a func t ion  of t h e  r e l a t i v e  e l e c t r i c  f i e l d  (E. - &B) a lone ,  is  no t  c a l l e d  

i n  ques t ion .  

CONCLUSION 

The e v o l u t i v e  n a t u r e  of  t h e  plasma throughout  each d i scha rge ,  an inher-  

e n t  f e a t u r e  of pulsed  ope ra t ion ,  has  enabled t h e  fundamental parameters  of 

t h e  plasma genera ted  to be determined wi th  t h e  a i d  of t h e  set-up under review, 

i n  s p i t e  of t h e  i n f l u e n c e o f  unwanted non-periodic parameters  i nc iden t  t o  t h i s  

very mode of ope ra t ion  a s  a r e s u l t  of thermal and chemical i n e r t i a .  

Following t h e  f i r s t  two pe r iods  of d i scha rge  cover ing  t h e  i n i t i a l  ion iz-  

i n g  phase,  d e f i n i t e  magnetodynamic flow regimes have a c c o r  d ing ly  been obs- 

e rved  wi th in  a plasma f i t  t o  be t r e a t e d  as f u l l y  ion ized ,  of a medium density 

of approx. 1021 p a r t i c l e s  . m  

medium v e l o c i t y  of between 3 and 9 km.sec ' for a t r a v e l l i n g  f i e l d  propagat ion 

v e l o c i t y  of some 20 km sec i n  t h e  reg ion  of t h e  e x i t  plane.  

-3 , medium temperature  of around 20,000°K, 
- 

- 1  . 

A s  regards  t h e  microscopic  phenomena, i t  may be s a i d  t h a t  

a )  t h e  f u l l - i o n i z a t i o n  hypothes is  seems t o  have proved i t s  worth; 

b )  t h e  t e r m s  of p re s su re  and of  hea t  exchange between e l e c t r o n s  and i o n s ,  d i s -  

regarded i n  t h e  i n i t i a l  model, l eave  t h e  t h e o r e t i c a l  asymptot ic  regime of t h e  

plasma una f fec t ed ;  

c )  Ohm's law as r e l evan t  t o  t h i s  t h e o r e t i c a l  regime cannot s a f e l y  be s a i d  t o  

apply but t h e  experiment has  demonstrated an empi r i ca l  Ohm's l a w  p e r t i n e n t  

t o  t h e  set-up and e s p e c i a l l y  s u i t a b l e  f o r  use i n  computing t h e  a c t u a l  pe r fo r -  

mance of t h e  device.  

- 26 - 



Spec ia l  n o t i c e  is due t o  t h e  b e n e f i t  accru ing  from t h e  u s e  of pas s ive  

probes, '  which a r e  g a i n f u l l y  a p p l i c a b l e  t o  any pulse-based appara tus ,  i n  t h e  

d i r e c t  measurement of s y s t e m  parameters  and i n  i n d i r e c t l y  determining t h e  

b a s i c  c h a r a c t e r i s t i c s  of t h e  plasma generated.  

L a s t l y ,  i t  would s e e m  t h a t  any improvement made i n  t h e  t h e o r e t i c a l  model 

designed f o r  an a n a l y s i s  of t h e  phenomena brought i n t o  p lay  a f t e r  t h e  i n i t i a l  

i o n i z i n g  phase must  t a k e  account ,  i n  p a r t i c u l a r ,  of t h e  inhe ren t  processes  

of r a d i a t i o n .  
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L i s t  of Capt ions  

F igure  1 : ONERA t ravel l ing-wave a c c e l e r a t o r s .  

F igure  2 : Schematic diagram of ONERA’S t ravel l ing-wave a c c e l e r a t o r s ,  

t o g e t h e r  w i th  r e l e v a n t  app l i ed  f i e l d s .  

F igure  3 : Block diagram of  set-up - Propuls ive-gas  supply.  

F igure  4 : Curve of s t a t i c  p r e s s u r e  a t  i n j e c t i o n  Pk p l o t t e d  vs.  t i m e .  

F igure  5 : S t a t i c  p r e s s u r e  a t  i n j e c t i o n  Pk p l o t t e d  vs. t ank  p r e s s u r e  PR. 

F igure  6 : R e l a t i v e  flow rate h/h max p l o t t e d  vs. delay.  

F igure  7 : Line spectrum of argon plasma. 

AI : n e u t r a l  argon, AI1 : s ing ly - ion ized ,  A : u n i d e n t i f i e d  

argon (probably AIII), Cd, Hg, K : s t anda rd  l i n e s  uses  for 

cal i b r a t  ion.  

F igure  8 : Mean e l e c t r o n  temperature  diagram. 

F igure  9 : Standard osc i l logram of hyperfrequency (upper t r a c e )  and photo- 

m u l t i p l i e r  ( lower t r a c e )  s i g n a l s .  T e s t  c o n d i t i o n s  : Charging 

vo l t age  14 kV, Tank p res su re  1400 mmHg, D e l a y  2.1 m s .  

a- Dis tance  from e x i t  p lane  50 mm - Sweep r a t e  : 5ysec/cm. 

b- Dis tance  from e x i t  p lane  200 mm, Sweep ra te  : :Opsec/cm. 

F igure  10 : Combined r e s u l t s  of plasma v e l o c i t y  measurements. 

Tank p res su re  1400 mmHg, Delay 2.1 m s ,  Charging vo l t age  14 kV. 

F igure  11 : Combined r e s u l t s  of  plasma v e l o c i t y  measurements. 

Tank p res su re  1400 mmHg, Delay 2.1 m s ,  Charging vo l t age  12 kV. 

F igure  12 : Combined r e s u l t s  of plasma v e l o c i t y  measurements. 

Tank p res su re  300 mmHg, Delay 3.5 m s ,  Charging vo l t age  12 kV. 

Figure 13: Combined r e s u l t s  of plasma ve loc i ty  measurements. 

Tank p re s swe  300 “Hg, Delay 3.5 ms, Charging voltage 10 kV. 

Block diagram of current densi ty  t e s t  c i r c u i t .  Figure 14: 
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F $ w e  3-5 : Oscillograms of current  densi ty  f D r  variouz rates measured 

15  mm from exit  plane ( i d e n t i c a l  s ca l e ) .  

Figure 16 :: Max,. current dei%s&by pL.ot-Ger 72s: mass flaw U t e  a t  constant 

operating $ i m e .  To = f i rs t  s igni f icant  t i m e  ( referencet ime) .  

192,. ..6. T = enerfglzing currents  period. T 
Tj 7 To + J J 

Figure  17 : Mean propagat ion  v e l o c i t y  of  c u r r e n t  dens i ty .  

Tank p r e s s u r e  1600mmHg, Delay 2.2. m s ,  Charging vo l t age  12 kV. 

(The test p o i n t s  are marked wi th  t h e  number of  t h e  corresponding 

peak of j - c f .  Fig.  15) .  

F igure  18 : Current  d e n s i t y  J as a func t ion  of t h e  electric f i e l d  E a t  ins -  

t a n t s  of z e r o  magnetic induct ion.  Flow rate 1 .4 .  gsec- l .  

F igure  19 : Plasma v e l o c i t y  p l o t t e d  vs. t i m e .  

Flow rate  1 .4  

The e n c i r c l e d  p o i n t s  s t and  f o r  J = 0. The i n s t a n t s  when magnetic 

i nduc t ion  becomes z e r o  are marked by to. 

gsec- l ,  D e l a y  3.5 ms, Charging vo l t age  10 kV. 

F igure  20 : Standard osc i l logram showing coincidence of luminous s i g n a l  

(upper t r a c e )  and c u r r e n t  d e n s i t y  (lower t r a c e )  modulations 

5 mm downstream of e x i t  plane.  Sweep ra te  5(Lsec/cm. 

F igu re  21 : Typica l  cu r ren t -dens i ty  curves  p l o t t e d  as a func t ion  of t h e  

e l e c t r i c  f i e l d  (l inked-up p o i n t s  relate t o  one and t h e  same 

f i r i n g ) .  Charging vo l t age  10 kV. The test p o i n t s  are marked 

wi th  t h e  N o  of  t h e  corresponding z e r o  of  B. 

F igure  22 : Determinat ion of  t h e  empi r i ca l  O h m ’ l a w  p l o t t e d  vs. charg ing  

v o l t  age. 
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